Objective-Fatty acid-binding protein 4 (FABP4) is expressed in adipocytes and macrophages, and elevated circulating FABP4 level is associated with obesity-mediated metabolic phenotype. We systematically investigated roles of FABP4 in the development of coronary artery atherosclerosis. Approach and Results-First, by immunohistochemical analyses, we found that FABP4 was expressed in macrophages within coronary atherosclerotic plaques and epicardial/perivascular fat in autopsy cases and macrophages within thrombi covering ruptured coronary plaques in thrombectomy samples from patients with acute myocardial infarction. Second, we confirmed that FABP4 was secreted from macrophages and adipocytes cultured in vitro. Third, we investigated the effect of exogenous FABP4 on macrophages and human coronary artery-derived smooth muscle cells and endothelial cells in vitro. Treatment of the cells with recombinant FABP4 significantly increased gene expression of inflammatory markers in a dose-dependent manner. Finally, we measured serum FABP4 level in the aortic root (Ao-FABP4) and coronary sinus (CS-FABP4) of 34 patients with suspected or known coronary artery disease. Coronary stenosis score assessed by the modified Gensini score was weakly correlated with CS-FABP4 but was not correlated with Ao-FABP4. A stronger correlation (r=0.59, P<0.01) was observed for the relationship between coronary stenosis score and coronary venoarterial difference in FABP4 level, (CS-Ao)-FABP4, indicating local production of FABP4 during coronary circulation in the heart. Multivariate analysis indicated that (CS-Ao)-FABP4 was an independent predictor of the severity of coronary stenosis after adjustment of conventional risk factors.
F atty acid-binding proteins (FABPs) are ≈14to 15-kDa predominantly cytosolic proteins that can reversibly bind to saturated and unsaturated long-chain fatty acids with high affinity. [1] [2] [3] It has been proposed that FABPs facilitate the transport of lipids to specific compartments in the cell. FABP4, known as adipocyte FABP (A-FABP) or aP2, is expressed in both adipocytes and macrophages and plays an important role in the development of insulin resistance and atherosclerosis. [4] [5] [6] [7] We previously proposed that inhibition of FABP4 in cells would be a novel therapeutic strategy against insulin resistance, diabetes mellitus, and atherosclerosis. 8 FABP4 has been shown to be secreted from adipocytes in association with lipolysis via a nonclassical secretion pathway, [9] [10] [11] though there are no typical secretory signal peptides in the sequence of FABP4. 1 Recent studies have shown that FABP4 might act as an adipokine, an adipocyte-derived bioactive molecule, for the development of insulin resistance in the liver 10 and suppression of cardiomyocyte contraction. 12 It has also been shown that elevation of the circulating FABP4 level is associated with obesity, insulin resistance, hypertension, cardiac diastolic dysfunction, and atherosclerosis. 9, [13] [14] [15] [16] [17] [18] Notably, increased plasma level of FABP4 was shown to be independently associated with the presence of coronary artery disease. 19 Moreover, FABP4 was found in human atherosclerotic plaques, and its presence was associated with high-risk phenotypes of atherosclerotic plaques, that is, features of inflammatory and vulnerable plaques. 20, 21 Much attention is currently focused on roles of epicardial/ perivascular adipose tissue in the development of cardiovascular diseases. It has recently been proposed that epicardial/ perivascular fat promotes cardiovascular disease through secretion of several adipokines. 22 However, little is known about the roles of FABP4 locally produced in the heart: the origin of FABP4 from epicardial/perivascular fat, the level of FABP4 released into coronary circulation and the impact of secreted FABP4 on development of atherosclerosis.
We hypothesized that FABP4 locally produced by epicardial/perivascular fat and macrophages of vascular plaques contributes to the development of coronary atherosclerosis. To test this hypothesis, we systematically examined the localization of FABP4 in atherosclerotic plaques and around fat of the coronary artery, FABP4 release from macrophages and adipocytes, FABP4-induced gene expression in several cell types, and the level of FABP4 in coronary circulation and its correlation with severity of coronary stenosis. The results of this present study supported our hypothesis.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Detection of FABP4 Expression in the Coronary Artery and Epicardial/Perivascular Fat
Representative hematoxylin and eosin staining of the coronary artery in an autopsy case with ischemic heart disease (male; 68 years old) is shown in Figure 1A . Immunohistological staining using anti-CD68 and anti-FABP4 antibodies showed that FABP4 was present in some, but not all, macrophages of coronary atherosclerotic lesions ( Figure 1B) . In epicardial/perivascular fat, FABP4 was detected in both adipocytes and macrophages ( Figure 1C ). FABP4 in the atherosclerotic lesions and that in epicardial/pericardial fat were similarly observed in the other 19 autopsy cases.
Detection of FABP4 Expression in Coronary Arterial Thrombectomy Specimens
Coronary thrombectomy specimens were obtained from 32 patients with acute myocardial infarction, and the specimens were histologically classified into 2 major types: thrombi only and thrombi containing atherosclerotic plaque components. As shown in Figure 1D , some of thrombus specimens contained atherosclerotic plaque components, including macrophages immunohistologically stained by anti-CD68 antibody and cholesterol clefts. FABP4-expressing cells were present in the atherosclerotic component admixed with the coronary arterial thrombus ( Figure 1D ). To determine whether FABP4 is expressed in macrophages, double immunofluorescence analysis using anti-CD68 (green) and anti-FABP4 (red) antibodies was carried out. Immunofluorescence staining showed colocalization (yellow) of FABP4 in some, but not all, macrophages within thrombi containing atherosclerotic plaque ( Figure 1E ).
Secretion of FABP4 From Adipocytes and Macrophages
Western blot analysis showed that FABP4 was present in both the cell lysate and the conditioned medium of 3T3-L1 adipocytes and that glyceraldehyde 3-phosphate dehydrogenase, a nonsecretory protein, was not present in the conditioned medium (Figure 2A ), indicating that FABP4 in the conditioned medium was a result of its secretion from 3T3-L1 adipocytes, not a result of its leakage via injured cell membranes as previously reported. 10, 11 FABP4 was detected in phorbol 12-myristate 13-acetate-stimulated human THP-1 macrophages, but not in nonstimulated THP-1 monocytic cells, in the cell lysate ( Figure 2B ) as previously reported. 5, 8 FABP4 was secreted from several macrophage cell lines, including phorbol 12-myristate 13-acetate-stimulated THP-1 cells ( Figure 2B ), primary mouse macrophages ( Figure 2C ), mouse J774.1 cells ( Figure 2D ), and mouse RAW264.7 cells ( Figure 2E ).
Fatty Acid-Binding Affinity for FABP4
Fatty acid-binding affinity for recombinant FABP4 at a basal state and under an oxidative condition induced by 2,2′-azobis(2-amidinopropane) dihydrochloride, a free radical generator, is shown in the Table. The Kd values of 4 abundant long-chain fatty acids in human blood, 23 that is, palmitic acid, stearic acid, oleic acid, and linoleic acid, were 11.7±1.9, 10.2±1.0, 7.7±1.0, and 1.0±0.2 µmol/L, respectively, indicating that linoleic acid, an essential polyunsaturated fatty acid, had the highest affinity for FABP4 under a basal condition. The Kd values of fatty acids for bovine serum albumin were higher than those for FABP4, showing that FABP4 generally had higher affinity and selectivity for long-chain fatty acids than did albumin. On exposure to 2,2′-azobis(2-amidinopropane) dihydrochloride, the ratio of Kd for FABP4 was significantly increased in most of the tested fatty acids except for palmitic acid (Table) . The results indicate that palmitic acid, a saturated fatty acid, came to have relatively higher affinity for FABP4 under a specific condition, such as obesity-induced oxidative stress. Figure IF and IG in the online-only Data Supplement) quality-controlled genes, respectively, were significantly regulated by treatment with exogenous FABP4. As shown in Figure 2F , the expression of 1214 and 1537 independent genes was significantly changed by treatment with recombinant FABP4 in the absence and presence of palmitic acid, respectively. There were 94 common genes that were significantly regulated by treatment with FABP4 regardless of the presence of palmitic acid. Interestingly, some of the common genes were regulated by palmitic acid in the same direction, but the others were regulated in a different direction ( Figure IIA -IID in the online-only Data Supplement). Results of gene ontology analysis for exogenous FABP4 treatment with and without palmitic acid are shown in Table II in the online-only Data Supplement. Enriched gene ontology categories were regulations of biological process, cellular process, metabolic process, cell proliferation, and developmental process. Pathway analysis showed that there were several FABP4-regulated pathways, which depended on the absence or presence of palmitic acid (Table III in the online-only Data Supplement). Notably, inflammation-related pathways, including the chemokine signaling pathway, tumor necrosis factor α and nuclear factor-κB signaling pathway, and toll-like receptor (TLR) signaling pathway, were significantly regulated by treatment with FABP4 in the presence, but not in the absence, of palmitic acid. To address whether FABP4 has distinct effects in a liganddependent manner, gene expression of inflammatory markers was examined in mouse RAW264.7 macrophages treated with recombinant FABP4 (0-200 nmol/L) in the absence and presence of ligands for FABP4, including an essential polyunsaturated fatty acid, linoleic acid, as the ligand with highest affinity for FABP4 and a saturated fatty acid, palmitic acid, as a ligand with relatively high affinity for FABP4 under an oxidative condition (Table) . Gene expression of monocyte chemotactic protein-1 was unchanged by FABP4 treatment in the presence or absence of linoleic acid. However, FABP4 treatment significantly augmented the increase in monocyte chemotactic protein-1 gene expression by palmitic acid in a dose-dependent manner ( Figure 2G ). Similar results of the ligand-dependent effect of FABP4 were obtained for gene expression of interleukin-6 (IL-6; Figure 2H ) and tumor necrosis factor α ( Figure 2I ).
Effects of Exogenous FABP4 in RAW264.7 Macrophages
Effects of Exogenous FABP4 in Human Coronary Artery Smooth Muscle Cells
Treatment of human coronary artery smooth muscle cells with recombinant FABP4 in the presence of palmitic acid significantly increased the gene expression of inflammatory cytokines, including monocyte chemotactic protein-1 ( Figure 3A ), IL-6 ( Figure 3B ), and tumor necrosis factor α ( Figure 3C ), in a dose-dependent manner. However, there was no such an effect in the absence of palmitic acid. However, recombinant FABP4 increased the expression of proliferative phenotyperelated genes, including platelet-derived growth factor receptor α ( Figure 3D ), platelet-derived growth factor receptor β ( Figure 3E ), and myosin heavy chain 10 ( Figure 3F ), in a dose-dependent manner regardless of the presence of palmitic acid. MTS and bromodeoxyuridine assays showed that treatment of human coronary artery smooth muscle cells with recombinant FABP4 significantly increased cell proliferation in a dose-dependent manner ( Figure 3G and 3H). The scratch wound-healing assay showed that FABP4-treated human coronary artery smooth muscle cells migrated faster than did untreated cells ( Figure 3I ).
Effects of Exogenous FABP4 in Human Vascular Endothelial Cells
Treatment of human coronary artery endothelial cells with FABP4 in the presence of palmitic acid significantly increased the gene expression of inflammatory cytokines, including monocyte chemotactic protein-1 ( Figure 4A ), IL-6 ( Figure 4B ), and tumor necrosis factor α ( Figure 4C ), in a dose-dependent manner, but there was no such an effect in the absence of palmitic acid. Similar results were obtained in human umbilical vein endothelial cells, another cell line of Figure 4D-4F ). Furthermore, treatment with recombinant FABP4 significantly decreased phosphorylation of endothelial nitric oxide synthase regardless of the presence of palmitic acid in both human coronary artery endothelial cells ( Figure 4G ) and human umbilical vein endothelial cells ( Figure 4H ).
Intracardiac Veno-Arterial Difference in FABP4 and Coronary Stenosis
Clinical characteristics of the 34 enrolled patients are shown in Table IV in the online-only Data Supplement. Mean age, body mass index, and waist circumference were 64.9±1.8 years, 24.5±0.3 kg/m 2 , and 87.7±1.0 cm, respectively. Patients had diabetes mellitus (50.0%), dyslipidemia (52.9%), and hypertension (64.7%), and most of the patients had received antihypertensive agents and statins. Serum FABP4 levels in the vein (V-FABP4), aortic root (Ao-FABP4), and coronary sinus (CS-FABP4) were 18.1±1.5, 14.2±1.3, and 17.1±1.5 ng/mL, respectively (Table IV in the online-only Data Supplement). CS-FABP4 level was significantly higher than Ao-FABP4 level. In a simple regression analysis, levels of V-FABP4, Ao-FABP4, and CS-FABP4 were negatively correlated with estimated glomerular filtration rate and were positively correlated with age, body mass index, waist circumference and levels of glucose, insulin, homeostasis model assessment of insulin resistance, and high-sensitivity C-reactive protein (Table V in the online-only Data Supplement).
Coronary stenosis score was weakly correlated with logarithmically transformed V-FABP4 (r=0.366, P=0.033) and CS-FABP4 (r=0.414, P=0.015) but was not correlated with logarithmically transformed Ao-FABP4 (r=0.305, P=0.080; Figure 5A -5C) or other variables (Table VI in the online-only Data Supplement). A stronger correlation (r=0.592, P<0.001) was observed for the relationship between coronary stenosis score and coronary veno-arterial difference in FABP4 level, (CS-Ao)-FABP4, an index of FABP4 production in the heart ( Figure 5D ). Multivariate analyses adjusted by conventional coronary risk factors, including age, body mass index, smoking and the presence of diabetes mellitus, dyslipidemia, and hypertension, indicated that (CS-Ao)-FABP4 was an independent predictor of the severity of coronary stenosis, explaining a total of 67% of the variance in this measure (R 2 =0.67; Table VII in the online-only Data Supplement).
Discussion
This study showed the expression of FABP4 in epicardial/ perivascular fat and in macrophages within atherosclerotic lesions in humans and showed the secretion of FABP4 from both adipocytes and macrophages in vitro. This study also showed for the first time that serum FABP4 level was significantly higher in the CS than in the Ao in patients who Fatty acid underwent cardiac catheterization, suggesting that FABP4 is released into the coronary circulation in the heart. In addition, a strongly positive correlation was observed between the transcardiac gradient of FABP4 in blood, (CS-Ao)-FABP4, and the stenosis score in the coronary artery, indicating that locally produced FABP4 contributes to the development of coronary atherosclerosis. Furthermore, in vitro experiments indicated that exogenous FABP4, which may be locally produced in epicardial/perivascular fat and macrophages within the atherosclerotic lesion, acts in several vascular cells, including macrophages, vascular smooth muscle cells, and vascular endothelial cells, leading to the development of coronary atherosclerosis by cooperating with accelerating vascular inflammation, proliferation, and migration of smooth muscle cells and impaired endothelial function. Thus, the present findings collectively support the hypothesis that FABP4 derived from epicardial/perivascular adipocytes and macrophages localized in the artery significantly contributes to the progression of coronary atherosclerosis ( Figure 6) .
Epicardial fat shares a common embryological origin with mesenteric and omental fat, and the origin is the splanchnopleuric mesoderm associated with the gut. 24 Compared with recent reports about association of visceral fat with metabolic syndrome and atherosclerosis, little attention had been paid to the roles of epicardial adipose tissue, which surrounds the outer layer of coronary artery vessels. However, it has recently been demonstrated that epicardial/perivascular adipose tissue secretes several adipokines to regulate vessels in a paracrine manner, potentially accelerating the development of cardiovascular disease. 25 Epicardial fat may directly influence coronary atherogenesis and myocardial function because there is no fibrous fascial layer to impede diffusion of free fatty acids and adipokines from the fat underlying the myocardium and vessel. 22 FABP4 level in the local atherosclerotic area should be much higher than that in circulating blood (≈1 nmol/L; 15 ng/mL), and we therefore used recombinant FABP4 at the dose of 0 to 200 nmol/L in in vitro experiments in this study. Interestingly, segments of coronary arteries lacking epicardial fat or separated from it by a bridge of myocardial tissue have been reported to be protected against the development of atherosclerosis. 26 Consequently, FABP4 expression found in epicardial/perivascular fat and macrophages within the atherosclerotic lesion and secretion of FABP4 from both adipocytes and macrophages (Figures 1 and 2 ) support the hypothesis of direct paracrine/autocrine effects of FABP4 as a bioactive molecule on the development of coronary atherosclerosis.
Systemic fat stores are the principal source of free fatty acids for the heart. 27 Free fatty acid kinetic studies showed that under normal basal conditions, endogenous free fatty acids, which are thought to be derived from lipolysis in epicardial adipose tissue, 28 were released into the coronary veins and then into the coronary venous sinus. 27, 28 It has been demonstrated that epicardial fat has ≈2-fold higher rates of lipolysis and lipogenesis than those of other fat depots in guinea pig. 29, 30 Notably, FABP4 mRNA expression in epicardial adipose tissue has been reported to be profoundly increased compared with its expression in paraaortic adipose tissue in patients with metabolic syndrome. 31 Sympathetic nerve activation and several inflammatory cytokines are known to increase lipolysis in adipocytes. 32 Moreover, FABP4 is secreted from adipocytes under regulation by the lipolytic signal pathway, though FABP4 lacks an N-terminal secretory signal sequence. 1, 3, 10, 11 Therefore, the increase of FABP4 production during coronary circulation in patients with coronary stenosis may be, at least in part, because of increase in lipolysis via activation of sympathetic nerve tone and inflammatory cytokines. Increased atherosclerotic lesion and its attendant inflammation also may lead to increased secretion of FABP4. This study showed that FABP4 was expressed in some, but not all, macrophages in coronary plaques. The heterogeneous expression of FABP4 may reflect differences in level and stimuli of macrophage activation. It has been shown that activation of macrophages by several inflammatory stimuli, including lipopolysaccharide, phorbol 12-myristate 13-acetate, and oxidized low-density lipoprotein, induces expression of FABP4 in macrophages. 5, 33, 34 Expression of FABP4 has been shown to be significantly lower in macrophages than in adipocytes. 5, 35 However, it is possible that the level of FABP4 secreted from macrophages is sufficient for causing significant effects on nearby smooth muscle and endothelial cells, leading to an inflammatory response, proliferation, and direct migration from the media into the intima.
Microarray analysis showed that treatment of RAW264.7 macrophages with exogenous FABP4 was significantly associated with inflammation-related pathways in the presence, but not in the absence, of palmitic acid ( Table III in the online-only Data Supplement). In fact, induction of inflammatory genes, including Mcp1, Il6, and Tnfa, by exogenous FABP4 in RAW264.7 macrophages was dependent on palmitic acid, but not linoleic acid, as a ligand ( Figure 2G-2I) . In fatty acid-binding assays, linoleic acid had the highest affinity for FABP4 under a basal condition (Table) , suggesting that FABP4 usually acts as a carrier of linoleic acid, an essential fatty acid. However, palmitic acid, a saturated fatty acid, had relatively higher affinity for FABP4 under oxidative stress condition. This finding is consistent with the results of a previous study showing that the affinity of FABP4 for fatty acids was reduced by treatment with 4-hydroxy-2-nonenal. 36 Similar findings about relative alteration of the affinity were reported for another FABP, liver FABP (FABP1), through conformation change of structure. 37, 38 It has been shown that obesity and metabolic syndrome cause oxidative stress in adipose tissue. 39 Thus, under such a condition, FABP4 secreted from the adipose tissue might be conformationally changed to increase binding to palmitic acid rather than to linoleic acid, resulting in augmented inflammatory responses. It has been shown that palmitic acid activates the TLR4 signaling pathway. 40 Pathway analysis using microarray data showed that the TLR signaling pathway was regulated by treatment with FABP4 in the presence, but not in the absence, of palmitic acid (Table III in the online-only Data Supplement). The molecular mechanism underlying the induction of inflammatory genes by FABP4 in the presence of palmitic acid might be related to interaction between FABP4 and TLR4.
The present experiments also demonstrated that recombinant FABP4 induced dose-dependent proliferation and migration of human coronary artery smooth muscle cells and decreased endothelial nitric oxide synthase activation in human coronary artery endothelial cells and human umbilical vein endothelial cells, findings that are consistent with previous reports. 41, 42 Interestingly, those effects were ligandindependent unlike the effect of FABP4 on inflammatory responses. The difference in ligand selectivity between the outcomes of FABP4 treatment suggests that there are distinct regulatory mechanisms for multiple functions of FABP4. Nevertheless, an excess of local production of FABP4 might lead to the development of atherosclerosis.
Evidence indicating that FABP4 acts as a biological molecule is accumulating, 10, 12, [41] [42] [43] and serum FABP4 level has been reported to predict long-term cardiovascular events. 14, 17, 44 However, the receptor for FABP4 remains obscure. Furthermore, it is not known whether extracellular FABP4 is internalized into the cell or whether it acts by an intracellular signaling mechanism. A further understanding of the mechanism of FABP4 action may enable the development of new therapeutic strategies for cardiovascular and metabolic diseases, such as neutralization of FABP4 and blockade of the FABP4 receptor, if any.
This study has some limitations. First, most of the patients in the clinical study had been treated with drugs, including angiotensin II receptor blockers and statins, which have been reported to modulate FABP4 concentration. [45] [46] [47] [48] Therefore, serum FABP4 data might have been modified by such drugs. Second, the number of patients in the clinical study was small, and the possibility of a type I or II error in statistical tests cannot be excluded. Prospective studies using a larger number of subjects are needed to determine whether local production of FABP4 is indeed a major determinant of subsequent development of atherosclerosis. Furthermore, it has been shown that FABP4 concentration is sex related, being higher in females than in males, probably because of difference in adiposity. 9, 16 Although we enrolled only male subjects in this study to adjust for confounding factors, whether the present findings are applicable to female subjects remains to be examined. Finally, the veno-arterial transcardiac gradient of FABP4 level is indirect evidence of the production of FABP4 in the coronary artery. However, we cannot rule out the possibility that significant stenosis and previous infarct areas might reduce coronary flow and perfusion. Inability to measure the total amount of FABP4 production because the CS flow was not measured is a limitation of this study. Further studies are needed to verify the relationship between locally produced FABP4 and an atherosclerotic lesion in the coronary artery.
In conclusion, our findings support the notion that FABP4 locally produced by epicardial/perivascular fat and macrophages within vascular plaques contributes to the development of coronary atherosclerosis. A further understanding of local production of FABP4 from adipocytes and macrophages may enable the development of new therapeutic strategies for cardiovascular and metabolic diseases.
Fatty acid-binding protein 4 (FABP4) is expressed in macrophages within coronary atherosclerotic plaques and epicardial/perivascular fat in autopsy cases and macrophages within thrombi covering ruptured coronary plaques in thrombectomy samples from patients with acute myocardial infarction. FABP4 is secreted from macrophages in similar to adipocytes. Exogenous FABP4 acts in several vascular cells, including macrophages, vascular smooth muscle cells, and vascular endothelial cells, leading to the development of coronary atherosclerosis by cooperating with accelerating vascular inflammation, proliferation, and migration of smooth muscle cells and impaired endothelial function. Coronary stenosis score is strongly correlated with coronary veno-arterial difference in FABP4 level, indicating local production of FABP4 in the heart. FABP4 locally produced by epicardial/perivascular fat and macrophages in vascular plaques contributes to the development of coronary atherosclerosis.
Significance
